Error analysis and time-domain analysis are presented for system performance characterization. Furthermore, preliminary experimental assessment using a saline solution container to more closely approximate the human body as a radio frequency wave transmission medium has proved the system's capability of operating underneath the skin.
I. INTRODUCTION

P
OSITION tracking is a technology with a considerable historical record and a number of currently associated researchers in science and engineering. Some of the application fields that commonly employ and benefit from position tracking are biomedical engineering [1] , military applications [2] , robotics [3] , the steel industry [4] - [6] , weather forecasting [7] , automotive industry [8] , animation industry and virtual reality [9] . Among these, there are biomedical engineering applications related to medical surgery, such as cardiovascular, orthopedic and neurosurgical catheterization or the precise detection of tumors and biopsy needle insertion. In all aforementioned applications, knowing the precise position of a medical instrument's tip is often a requirement.
Each aforementioned application field imposes particular requirements and design specifications on position tracking systems, thereby rendering implementations to vary significantly across them. The overall size of the system, its precision, operational range, cost, or even public health impact are among the competitive advantages which promote one technology over another. Biomedical engineering applications impose stringent technological limitations to all aforementioned system aspects. For example, system response times should be such that realtime position tracking representations can be provided and, therefore, system sampling rates should have reasonable values. Additional critical parameters in real-time invasive medical instrument position tracking scenarios are the absence of direct line-of-sight (LOS) between the instrument and the external tracking system, as well as, limited space for wiring due to the small cross-sectional area (typically ࣘ 1 mm).
Position tracking techniques based on electromagnetic (EM) radio frequency (RF) methods have been invented, implemented, and improved for several decades now. Some of these methods can be adapted for compatible operation in parallel with other medical imaging technologies (intravascular ultrasound (IVUS) scanning, magnetic resonance scanning, etc.). Several others would be suboptimal or entirely inadequate technological choices. These methods will be succinctly reviewed in the following section.
In this paper, we present the experimental development of an RF position tracking system capable of being integrated within the tip of a medical instrument, but also allowing for the latter to be tracked inside the human body using exact 3-D Cartesian coordinates (see Fig. 1 ). The aim of this paper is threefold: first, 2168 -2194 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information. to describe the system and its precision and accuracy characteristics for both 1-D and 2-D medical tip displacements and experiments with constant velocity or linearly accelerated displacements; second, to provide error analysis results; and finally, to investigate the system's capability to operate under the skin by using a human body phantom. This paper is structured as follows. In the next section, various position tracking technologies employed in biomedical engineering are revisited. Section III presents the proposed implementation at simulation, hardware and system levels. The experimental results from various implemented setups together with the system characterization are described in Section IV. A discussion on experimental results and a proposed future roadmap are laid out in Section V, while overall conclusions are provided in Section VI.
II. POSITION DETERMINATION AND TRACKING TECHNOLOGIES IN BIOMEDICAL ENGINEERING
A. Low Frequency EM Wave-Based Systems
EM tracking systems are based on the use of a transmitter, located on the moving object being tracked, and a number of receivers located a short distance away (generally closer than 2 m). The transmitted signal frequency is low, in the order of a few kilohertz. EM systems generate a series of EM pulses from the field generator or "transmitter." The signals from the transmitter induce a voltage in the sensors that are attached to the medical instruments.
The transmitting and receiving antennae are a set of three coils perpendicular to each other, able to transmit and receive in three dimensions (X, Y, and Z). Using triangulation, the exact spatial position of a catheter's tip can be defined with subcentimeter accuracy. Such systems are not affected by the absence of direct LOS between the tracking system and the medical instrument tip, but do suffer from interference produced by the presence of metal objects [10] . EM tracking is one of the most established technologies used in position tracking, but has only recently been adopted for use in computer-assisted surgery [11] .
Trackers for EM systems include small sensor coils that are attached to or are embedded into the instrument. Several technology generations of trackers are available commercially. These range from first-generation ac EM technology [12] , later enhanced by other medical devices [13] - [17] and secondgeneration trackers which introduced third-generation dc magnetic technology [18] .
B. Inertial Sensor-Based Systems
Inertial navigation systems have existed for a couple of decades, following the introduction of microelectronic mechanical systems (MEMS) in 1965 [19] and the fabrication of the first MEMS accelerometer in 1979 [20] . Inertial trackers use accelerometers to estimate an object's position and gyroscopes in order to provide information regarding its inclination and orientation. They are commonly deployed in orthogonal triplets (for 3-D position in X, Y, and Z and 3-D orientation in roll, pitch, and yaw) in order to provide an estimated 6-D set of data. A computation device on the receiver's end provides the exact position and orientation of an object, without the need for an external reference system, following initial and periodic system calibration.
They have been adopted for use in several application fields; however, position tracking of medical instruments inside the human body requires packaging miniaturization and extreme precision, making such adaptations a tough technological challenge. The accuracy provided by inertial sensors is not sufficient for accurate measurements of the relatively small displacements made during surgery conditions. Significant breakthroughs in this field would be required in order to overcome these limitations and provide adequate tracking accuracy for computer-aided surgery [21] .
C. RF-Based Systems
RF or wireless technology has long been used in order to track objects. Lately, RFID, WLAN, Bluetooth and ultrawideband (UWB) technologies are being used in order to provide location information inside a room and even in wider spaces.
The use of a moving RFID tag together with multiple transceivers can provide position information of acceptable accuracy for several applications. The received radio signal strength is commonly used for the measurement or definition of the exact object position. Radio transmitter and receiver parameters, RF transmission safety, and possible performance degradation due to interference and signal attenuation remain to be addressed. The most common operating frequency for such systems is in the order of several hundreds megahertz [22] - [24] , with no widely adopted standards.
WLAN technology can also be used, covering wider areas, but the position tracking accuracy is limited [25] . WLAN position tracking systems usually measure signal strength in order to define the exact position of a human or object. Range estimation of the positioning system is based on an approximation of the relation between the radio signal strength indicator (RSSI) and the associated distance between a transmitter and a receiver. The actual location estimation is carried out by using triangulation methods. The accuracy of WLAN-based position tracking technology systems is as high as other options [26] , making this technology inadequate for biomedical position tracking applications.
Bluetooth protocol RF transmissions have also been used for position tracking [27] , thereby providing small area coverage and accuracy in the order of several centimeters. This level of precision is inadequate for intrabody medical instrument tracking. Undesirable effects such as reflections and wall damping alter the propagation equation characteristics, thereby leading to the need for special propagation models, complex signal strength estimation algorithms, Kalmann filtering and other methods of compensating for lost accuracy. RSSI indication does not vary linearly with the signal strength, which is another contributing factor toward inadequate accuracy of Bluetoothbased position tracking for medical applications [28] .
There are three main hurdles associated with UWB technology which need to be overcome in order for it to be commonly utilized in biomedical engineering applications. The first one has to do with the fact that there exist almost no practical knowhow on building UWB systems for position tracking. The second hurdle to overcome is associated with the UWB antenna size. Finally, the fact that the accuracy provided for the position tracking of the catheter tip is at centimeter level is a disadvantage, since the accuracy demand for such a tracking system is at least an order higher. However, miniaturized transmitter frequencies are increasing every year, so soon enough the accuracy of UWB systems is expected to improve to levels adequate for medical instrument position tracking.
III. PROPOSED IMPLEMENTATION
A. Physical Implementation Description
The proposed herein method is based on phase-shift measurements, a well-known distance measurement methodology. It is based on the fact that when a sinusoidal wave transmitter is increasing or decreasing its distance from a receiver, even though the received signal has the same initial frequency, its phase compared with a reference phase changes. Each wavelength of transmitter displacement in reference to a fixed located receiver corresponds to a phase change of 2π radians. The total phase change or phase shift in the transmitter-receiver path is directly associated with the transmitter displacement; thus, exact transmitter position can be calculated by measuring the transmitterreceiver phase change. The system's theoretical background has been presented into [29] .
As far as the system's physical implementation concerns, we propose that the transmitter voltage-controlled oscillator (VCO) be integrated inside the medical instrument's tip, while a miniaturized antenna is integrated inside the instrument body itself, as is shown in Fig. 2 . The VCO control voltage is provided through a single wire running the length of the medical instrument, while two additional wires provide supply current and reference ground. The hardware parts inside the medical instrument are limited and this is a major advantage for this implementation. As the error voltage is derived at the output of the loop filter-a low-pass filter-it provides a very low frequency signal to the VCO and thereby minimizing any effects depending on the parasitic wire inductances or capacitances, rendering the medical instrument cable a length irrelevant of design parameter.
The switch component can be manually set ON or OFF triggered by the pressure applied by the physician on the medical instrument, each time that an instrument movement occurs. Alternatively, an electromechanical device could automate this process outside the patient's body. If a movement of the medical instrument occurs, the PLL operates with open loop, meaning that the switch is OFF, whereas when the instrument is stable the switch can be closed and the PLL locks again to provide a reference point for future movement tracking.
Using the aforementioned hardware setup allows the measurement of medical instrument displacement relative to the receiver in 1-D. If multiple receivers are used, it is possible to determine 2-D and 3-D trajectories. Using trilateration, the exact medical instrument coordinates can be calculated and measured. Fig. 3 shows a system-level simulation of aforementioned technique. The system was coded in Verilog-AMS an Analog Hardware Description Language, which can be substituted by real circuit blocks once their transistor level design is finalized. The transition delay module is described as a voltage source and is used for simulation purposes only, in order to imitate the medical instrument's movement and consequent VCO signal phase shift in an analog design environment. Fig. 4 shows a graph of data from an example scenario involving a 360°phase shift lasting 100 μs between two 10 GHz sinusoidal signals. The sinusoidal form of the error voltage demonstrates functionality of the proposed system, as discussed earlier in the paper and calculated using expression (4). The low power spectral density levels of the proposed system's transmissions minimize the possibility of potentially exceeding regulated RF signal levels absorbed by the human body [30] , while the provided accuracy is by far superior to all other wireless position tracking methods considered in this study. Circuit design is of low complexity, while required test and quality measuring devices are readily available for the proposed prototype since all signals measured are of low frequency properties. All components (transceivers, antennas, etc.) can also be built by off-the-shelf discrete components. This fact could significantly lower the total cost of such an implementation during early prototyping stages as well as address system problems in early production stages.
The material of the transmitter antenna should ideally be noncorrosive and biocompatible with good electrical characteristics, which makes platinum or gold likely candidates. However, the use of the aforementioned materials rather than copper would lead to poorer performance, a detail that should be carefully taken into account vis-a-vis system link budget parameters [31] . On the other hand, the antenna could be entirely encased inside the medical instrument body. This would allow for it to be made out of copper. Ideally, it should be printed on the inside of the casing on an insulated medium similar to modern IC system-on-a-chip packaging plastic enclosures.
IV. EXPERIMENTAL RESULTS
A. Material and Setup
In this paper, two commercially available X-Band Doppler motion detection units [32] - [35] were deployed for the exper- imental system implementation. The MDU 1100T unit's basic principle of operation consists of detecting frequency or phase shift between a transmitted and a received signal, the latter have been reflected back from a moving object within the unit's field of view. Instead of using the two MDU 1100T units as Doppler radar transceivers, two evaluation modules were modified so that one was used as transmitter and another as receiver. Both units had an operating frequency of 10.587 GHz. The MDU1100T schematic diagram can be seen in Fig. 5 .
A subset of the theoretical setup shown in Fig. 2 was implemented as it is shown in Fig. 6 . The MDU1100T units were preferred for our evaluation prototype board because they were readily available operating in high frequencies, and offered a good documentation of the module, while offering numerous points for the user to probe the operation of the module.
In the mentioned board, the transmitter contains an integrated dielectric resonator stabilized oscillator (DRO) in comparison to a preferred VCO. Since we obtain location information by opening the switch of Fig. 2 , a limited controllability and therefore the lack of a VCO circuit can be tolerated in our evaluation prototype. On the receiver side, a DRO is employed also, allowing for a good control of the reference frequency, which provides a stable reference signal at approximately the same operating frequency as the transmitter DRO. As a multiplier, we used the MDU1100T receiver's single balanced mixer consisting of two Schottky diodes in an antiparallel configuration.
As depicted in Fig. 7 , the transmitter is moved away from the receiver, using a platform on wheels construction. A foil sheet is prohibiting receiver antenna to transmit and transmitter antenna to receive, in order not to have undesirable signal mixing, into each unit's mixing stage or interference in general. A measurement of the intermediate frequency (IF) output of the receiver unit is consequently performed, moving the transmitter while maintaining the receiver unit in place. Because both DROs are operating at about the same frequency, the IF signal is in essence centered at dc; therefore, it is a zero intermediate frequency (ZIF) and a common place oscilloscope may be used to monitor it.
B. Constant Velocity Transmitter Displacement
The first experimental setup measured the transmitter's displacement in respect to the fixed receiver covering a distance of 8 cm, while the movement is concluded in a 2 s time interval. The transmitter velocity is constant and controlled with the use of a microcontroller controlled step motor. This setup is shown in Fig. 7 .
Ten measurements were obtained using a digital oscilloscope to capture the IF output in order to extract statistical results and estimate system precision. A typical captured IF waveform is shown in Fig. 8 .
It is clear that the resultant IF signal is of sinusoidal nature, which is in agreement with theoretical predictions. The phaseshift method analysis of Section III was therefore deemed valid.
All waveforms were curve fitted in order to accommodate subsequent noise or interference filtering. The time-domain regression analysis method which was selected is based on locally weighted scatterplot smoothing (LOWESS) [36] .
As a result, the zero crossing of the best fit smoothed curve is observed. Unlike the standard least squared error method, this technique is nearly insensitive to outliers. The smoothing factor used is 15%, which means that the smoothing window used has a total width of 15% of the horizontal axis variable. In the waveform shown in Fig. 8 , the horizontal axis variable is time.
The standard deviation (σ) for ten repetitions is 0.653 mm and the standard error 0.206 mm. Based on the empirical 68-95-99.7% confidence intervals rule for sample data with a Gaussianshaped distribution, as it is the case in our experiments, we can conclude that 99.7% of our transmitter displacement measurement values will lie within three standard deviations (3σ) from the mean value. This corresponds to a precision of 3 × 0.653 mm = ±1.959 mm.
C. Uniformly Accelerated Transmitter Displacement
Since a medical instrument's displacement is not always performed with constant velocity as evaluated previously, additional setups with different experimental conditions were implemented, in order to evaluate the system's characteristics in more detail.
In this experiment, a setup was formed around a platform on wheels, capable of moving the transmitter along a linear trajectory toward or away from a stationary receiver. This setup was similar to the one shown in Fig. 7 and is designated in Fig. 9 .
The setup described in the previous subsection measured the system's transmitter displacement with constant velocity away from the stationary receiver. In order to prove the capability of the system to operate with nonconstant velocities, as the case of an IVUS catheter movement, we did perform an experiment where the transmitter was displaced from the stationary receiver with uniform acceleration. Thus, the setup aims to evaluate the system characteristics in order to verify its capabilities on measuring the exact position of any medical instrument moving inside a human body with whatever speed, either constant or variable. The uniformly accelerated transmitter displacement was chosen in order to characterize the system in easily controllable conditions, since the transmitter movement associated with a mass acceleration due to earth's gravity field as shown in Fig. 9 is a well defined, with accurate specifications, experimental setup.
The combined mass of the wheeled platform and transmitter is m 2 . The platform is connected with mass m 1 using a light, inextensible cord. The cord passes around a stationary pulley attached to the edge of a table. The receiver is located in a fixed position at a distance of approximately 20 cm apart from the transmitter. Mass m 2 is initially held still manually by the experimenter and eventually released and allowed to move freely. Since m 1 is greater than m 2 , m 1 starts accelerating downward, dragging along m 2 by means of the inextensible cord; thus, m 2 is displaced with the same acceleration as m 1 . The radius of the pulley r is 0.026 m, while mass m 3 was measured to be 0.0017 Kgr. Masses m 1 and m 2 were measured to be 0.24 and 0.170 Kgr, respectively.
The total external torque about the pulley axle is
The total angular momentum can thus be calculated
A system is defined as nonisolated when there is no net torque on it. The total angular momentum of a system can vary with time only if a net external torque is acting on the system; thus, the mathematical representation of the angular momentum version of the nonisolated system model is
If a system is nonisolated in the sense that there is a net torque on it, the torque equals to the time rate of change of angular momentum. Our system is subject to an external torque due to the gravitational force on m 1 so it is characterized clearly as a nonisolated system. Combining equations (1)-(3) gives
Since du/dt = a, where α is the acceleration, we have
The forces that the cord exerts on masses m 1 and m 2 are known; they are internal to the system which was analyzed as a whole entity. The only torques that contribute to the change in the system's angular momentum are the external ones.
From (4), assuming a value for the gravity acceleration constant g = 9.81 m/s 2 , the calculated transmitter acceleration value is 5.73 m/s 2 . Ten consecutive measurements were obtained using an oscilloscope, in order to capture the ZIF voltage value as described previously. The wheeled platform carrying the transmitter is initially held immobile by the experimenter's hand. It is subsequently released and allowed to move freely, due to the descending mass m 1 . Movement is linear and uniformly accelerated as analyzed earlier on, resulting in the transmitter also accelerating in the same fashion. A plot representing 0.25 s of transmitter displacement is shown in Fig. 10 . It can be clearly observed that the ZIF signal, representing transmitter displacement, has an increasing frequency. This frequency represents the increasing speed of the transmitter with respect to the stationary receiver. The first negative semiperiod of the ZIF signal was excluded from measurements and subsequent statistical analysis. This is due to the fact that tremors from the manual release of the wheeled platform influence the transmitter's movement and adversely affect measurement accuracy. All ten measurements were time shifted in order to obtain a common normalization point. Each zero crossing point was detected and used to calculate an average across ten measurements. In [29] , we presented our methodology according to which we measured that the time period between two successive zero crossings of the ZIF signal correspond to 17 mm displacement. It is also known that the displacement of an accelerated mass is given by
where Δx is the displacement, α is acceleration, and t is the time that took the mass to be displaced by Δx. Given that the time difference between zero crossings-as measured on the oscilloscope voltage curve-represents a displacement Δx = 17 mm, the acceleration was calculated for eight zero crossings. The estimated transmitter acceleration arithmetic mean value is 5.75 m/s 2 . The acceleration measurement for eight zero crossings is shown in Fig. 11 .
In each zero crossing, an averaging of all ten measurements has been performed, in order to use the mean value of all measurements at the zero crossings.
The measured and calculated values differ slightly by approximately 0.35%. This can be explained by the fact that in the theoretical acceleration calculation both the pulley and platform wheels were assumed to be frictionless, which is clearly not the case. Nevertheless, it is clear that transmitter acceleration is almost constant as expected, thereby providing the system proof-of-concept validation.
Masses m 1 and m 2 were measured with a kitchen scale machine, having a weighting tolerance which has an uncertainty δm 1 = δm 2 = 0.012 Kgr, while the mass suspended from the pulley was measured with a digital weight scale for jewels featuring an uncertainty δm 3 equal to 0.05 Kgr. Since uncertainties δm 1 , δm 2 , and δm 3 are independent random variables, measurement uncertainty δα for acceleration α is given [37] by
(6) A basic derivative identity that is used in order to solve (6) is
In order to calculate all parts of (6) and using (7), we have
Since we assumed that the g constant does not impose any uncertainty in our calculations, it does not contribute to the total acceleration uncertainty. From (6), (8) , (9) , and (10), we obtain (11) .
Since all factors of (11) as shown bottom of the page are known, the acceleration measurement uncertainty or the acceleration margin of error equals to 0.03 m/s 2 . This proves that our measurement of acceleration is within the predicted limits of measurement uncertainty, as obtained by the aforementioned error analysis.
D. Two-Dimensional Transmitter Displacement Measurement
In order to define transmitter displacement in two dimensions, at least two receivers are required. Three different setups were implemented in order to investigate whether interference between the two receivers would deteriorate the system's accuracy and precision or not, and determine its impact. In these setups the transmitter is being displaced at different angles with respect to Receiver 1 and Receiver 2. These are shown in Figs. 12-14.
Each experiment was performed with the use of the setup described in Section IV-A, the only difference being that in this set of experiments a second receiver was used. The oscilloscope's second channel was used in order to capture the Receiver 2 ZIF voltage signal. The transmitter displacement in reference to Receiver 1 is always 8 cm, while its displacement in reference to Receiver 2 is calculated subtracting transmitter's initial position from its final one.
All distances between transmitter and Receiver 2 shown in Fig. 12-14 were calculated using the Pythagorean theorem for orthogonal triangles.
In all three sets of results, the LOWESS curve-fitting method [36] was applied in order to be able to manipulate the waveforms and acquire accurate measurement results. Ten measurements were performed for each of the three sets of experimental data and the results for each one of those are shown in Table I .
As elaborated in [29] , it is once again assumed that a ZIF signal semiperiod (time between two consecutive zero crossings) correspond to 17 mm of transmitter displacement.
In all experiments, the transmitter was displaced in reference to Receiver 1 by a distance of 8 cm over a 2 s time period. The transmitter displacement was achieved with the use of the microcontroller operated step motor as described previously.
It is clear that, using trilateration and an initial reference point, the final transmitter position can be defined in a Cartesian coordinate system. The transmitter displacement in reference with each receiver denotes a new position located at the periphery of a circle. The two circles defined, each for every receiver, are intersecting each other. The intersection point's coordinates define the new transmitter position in 2-D.
As shown in Table I , the estimated mean displacement error is in the order of 0.2 cm. Since the transmitter position after its displacement was measured with conventional methods and not a reference distance measurement system (such as an optical one), the aforementioned mean displacement error is satisfying our expectations for millimeter accuracy displacement measurements. Also, the experimental evaluation of our system measuring 2-D transmitter displacement verifies that there is no interference significant enough to deteriorate the system's performance and that a 3-D displacement measurement would be a straightforward evolution for our system.
E. Underwater Transmitter Displacement
Up to now, the system's capability of operation in a nonanechoic environment, with the presence of various interference sources and absolutely realistic conditions, has been presented. Its capability of measuring transmitter displacement in 1-D and 2-D allows the claim that the system is a 3-D position tracking system, with millimeter precision capability. In order to prove the system's capability to operate in vivo, experiments that more closely resemble the human body environment were performed. In order to have an initial idea of the way, the system may behave under in vivo conditions, an experiment using a phantom was designed. The phantom was actually a plexiglass container filled with an aqueous saline solution, simulating the human body which is mainly composed of water. Looking at the composition in the human body, it can be found that a concentration of approximately 7 g of NaCl per liter of water provides an acceptable modeling of the human tissues [38] , [39] . This is the reason for which the liquid used was a saline solution. The container was filled with normal saline, which imitates the human body's dielectric properties [40] .
The container with the transmitter attached on it was once again fixed onto the experimental wheeled platform in order to be able to move with respect to the receiver. The transmitter was located behind the front side of the container, directly facing the receiver as shown in Fig. 15 . What was actually simulated was the operation of the system with the transmitter antenna located near the surface of a rectangular box of human body tissue moving away from the system's receiver. The receiver was located at an initial distance of 20 cm from the transmitter antenna at room temperature (as opposed to human body temperature). This setup is far from ideal, since the transmitter should be moving inside the lossy medium, but in any case, the setup used is a preliminary one aiming to provide a first idea on the way the system would behave under in vivo conditions. More realistic experiments have been planned based on these preliminary results. Fig. 16 depicts the plot from the saline-blocked transmitter displacement for a distance of 8 cm over approximately 2 s. It is clear that the received signal level is weaker compared to the one obtained from the nonblocked transmission experimental setup presented in Section IV, and this is something that was expected due to the attenuation that normal saline introduces using the operating frequency of 10.587 GHz. Even for measurements with a human body phantom like the one at Fig. 15 , the influence of the surrounding environment is hard to be controlled. The operating frequency of 10.587 GHz is optimal for a millimeter position tracking resolution, but the dielectric properties of body tissues-specifically permittivity and conductivityare strongly correlated with tissue water content, especially at microwave frequencies. If we consider that a frequency in the order of 10.587 GHz has a penetration depth in blood in the order of approximately 3 mm [41] , then the system's operation is as expected. The use of additional amplification blocks would increase signal amplitude, while appropriate low-pass filtering could potentially remove amplified noise.
V. DISCUSSION
In this piece of work, a novel position tracking system based on the phase-shift measurement and phase-lock methodology was proposed, simulated, constructed, and experimentally tested and characterized in terms of accuracy and precision. To the best of the authors knowledge, this is the first time that such a system is employed into biomedical engineering applications successfully, thereby providing millimeter level precision and accuracy results.
Up to now, the operation of our displacement measurement system has been demonstrated using scenarios such as uniform rectilinear transmitter movement, uniformly accelerated movement and 2-D displacement measurement. Using more receivers as initially shown in Fig. 1 , an omnidirectional transmitter antenna and trilateration would allow us to obtain 3-D displacement measurements. The problem with 3-D measurements is that the antennas used in the MTU1100 modules [32] are directional and a setup with 3-D displacement characteristics requires a transmitter with an omnidirectional antenna attached to it. These measurements can be easily performed in real time, since the data processing complexity for the measured voltage signal is minor. The high precision of the system in free space allows us to be optimistic as far as the use of the system for invasive applications is concerned.
In order to have a first idea of the way that the system would perform inside the human body, we designed and performed an experiment with the system's transmitter attached into a normal saline filled plexiglass container. It is a highly simplified simulation model for the human body, due to the simplicity of the medium's dielectric characteristics. It is the most simple and common method used in human body phantom simulation concerning EM wave transmission [40] . It is widely known that human tissues are both lossy and dispersive and this fact does not only affect the electrical characteristics of the transmitter antenna, but also results in transmission loss and RF wave absorption.
Since the human body consists primarily of water [42] , an initial experiment was performed, with the use of normal saline as the transmission medium in order to build a homogeneous experimental phantom. The fact that the transmitter was not possible to move inside the normal saline filled container lead us to modify the initial test setup specification and displace both transmitter and the liquid filled container in tandem. It is a scenario that would provide us with interesting conclusions on whether the system could operate inside human and an estimate of its accuracy under such conditions. The fact that our received signal was near noise floor proved that frequencies around 10 GHz can be used in cases that the system operates just beneath the skin. Skin has a high water content, and therefore, the measurement setup is considered to be appropriate for this case. Skin thickness for adult males and females is 0.03-1.4 mm and 0.86-3 mm, respectively [43] . A frequency of 10.587 GHz has a penetration depth of about 3.5 mm in dry skin [41] ; thus, our system seems to be a good solution for medical instrument position measurement under the skin.
A setup in which the transmitter will be moving inside a medium that simulates the human body is the next experiment planned in the future. This setup is expected to provide information on whether the system can operate in vivo and the precision and accuracy specifications that it has. Also this latter experiment will reveal whether the operating frequency used is appropriate or a lower frequency is necessary. 2.36-2.4 GHz medical BAN band operation has already been validated for numerous implant transmission applications [44] , [45] ; thus, it would be a valid candidate frequency for our position tracking system as well.
Finally, the improvement of the data processing methods is going to be further explored, in order to compare it with other possible solutions and obtain optimal position tracking resolution results.
VI. CONCLUSION
A novel position tracking system for use in biomedical engineering applications was theoretically and experimentally described and characterized. The proof-of-concept validation results presented herein were obtained using simulations, as well as, experimental setups in which a single transmitter was initially displaced with constant velocity and then uniformly accelerated along a linear trajectory, with respect to a single receiver (1-D measurements). Subsequently, two receivers were employed together with a single moving transmitter with constant velocity in order to perform 2-D accuracy measurements. All three aforementioned setups provide us the proof-of-concept validation and system characterization data for functionality, precision, and accuracy.
As expected, experiments while transmitting through a lossy medium (saline solution) denoted that system performance substantially degrades under such conditions, due to the high operating frequency. Further experimentation will follow in order to more accurately characterize the system's operation with transmission taking place through increasingly realistic lossy media such as muscle (lean meat) together with fat layers at lower operating frequencies. Waveforms from displacement measurements will further be processed with alternative methods other than the curve-fitting method employed to date, in order to maximize accuracy and precision.
